To investigate whether waist and hip circumferences, in addition to body mass index (BMI), are related to all-cause mortality. We studied these associations and tested the usefulness of the waist-to-hip ratio for mortality prediction. DESIGN: A Danish prospective cohort study with data collected between 1993 and 1997. SUBJECTS: A total of 27 179 men and 29 875 women born in Denmark and aged 50-64 years were followed for a median of 6.8 years. MEASUREMENTS: BMI, waist and hip circumferences at baseline. RESULTS: The associations between hip circumference and all-cause mortality were inverse for both men and women, but only after adjustment for waist circumference, or BMI, or both. The mortality rate ratios of mutually adjusted waist and hip circumferences were 0.63 (95% CI: 0.56, 0.71), and 0.70 (95% CI: 0.63, 0.79) times higher per 10% larger hip circumference in men and women, respectively, and 1.45 (95% CI: 1.34, 1.57) and 1.22 (95% CI: 1.14, 1.31) times higher per 10% larger waist circumference. The adequacy of the waist-to-hip ratio as a substitute for separate measurements of waist and hip circumferences depended on which other variables the analysis was adjusted for, indicating that the waist-to-hip ratio should be used with precaution. CONCLUSION: When mutually adjusted, waist and hip circumferences show opposite associations with all-cause mortality, probably due to different effects of adipose tissue in the abdominal and gluteofemoral regions. The waist-to-hip ratio cannot always capture these relations adequately.
Introduction
Waist-to-hip ratio has been used as a proxy measure for body fat distribution when investigating the health effects of fat distribution and the health risk increased with increasing ratio, [1] [2] [3] [4] [5] but studies of the association between hip circumference and all-cause mortality have been U-or J-shaped when hip circumference was not adjusted for body mass index (BMI). 6, 7 Recently, a strong inverse association was shown between hip circumference (adjusted for BMI) and several end points. 8 Hip circumference predicted cardiovascular disease mortality, myocardial infarction mortality, diabetes morbidity, cardiovascular diseases morbidity, and myocardial infarction morbidity. 8 In addition, hip circumference and waist circumference showed opposite associations with all-cause mortality after adjustment for BMI. 8 Prospective studies have showed opposite associations with development of type II diabetes [9] [10] [11] and cardiovascular disease risk factors and lifestyle factors in cross-sectional studies. 12, 13 Although the findings of separate and opposite associations of hip and waist circumferences with morbidity and mortality may encourage the use of the waist-to-hip ratio, its utility may be questioned because the interpretation may be difficult due to different biological mechanisms related to each measurement of waist and hip circumferences. 14 Waist circumference reflects abdominal or intra-abdominal fat, and hip circumference reflects different aspects of body composition in the gluteofemoral region, that is, muscle mass, bone, and fat mass. 14 Moreover, as discussed by Allison et al, 15 a ratio cannot consider nonlinear relationships between hip and waist circumference and the interpretation of analyses may be difficult.
In this study, we investigated the association between hip circumference and all-cause mortality, unadjusted as well as adjusted for waist circumference, and/or BMI in men and women. Further, we investigated whether the waist-to-hip ratio captured the mortality prediction held by hip and waist circumference separately.
Methods

Population and measurements
Between December 1993 and May 1997, a total of 160 725 persons aged 50-64 years were invited to participate in the Danish prospective study 'Diet, Cancer and Health'. Potential participants were: all inhabitants of the greater Copenhagen or Aarhus areas, born in Denmark, and with no records of cancer registered in the Danish Cancer Registry at the time of invitation. In all, 27 178 men (33.6% of total number eligible) and 29 875 women (37.5% of total number eligible) participated, representing 7% of the entire Danish population in this age group. The study was conducted in accordance with Helsinki Declaration II and approved by the Ethical Committees on Human Studies in Copenhagen and Aarhus municipalities.
Anthropometry
All anthropometric data were collected at two study clinics situated in Aarhus and Copenhagen. All anthropometric measures were measured once by trained laboratory technicians instead of relying on self-reported data. Height was measured with the participants standing without shoes, and was recorded to the nearest half centimetre. Weight was measured by a digital scale, with the participants wearing light clothing or underwear, and was recorded to the nearest 100 g. Waist circumference was measured at the narrowest part between the lower rib and the iliac crest (the natural waist) or, in case of an indeterminable waist narrowing, halfway between the lower rib and the iliac crest, and was recorded to the nearest half centimetre. Hip circumference was measured over the widest part of the buttocks, and was recorded to the nearest half centimetre.
Smoking and exclusion criteria
Smoking variables were defined from a lifestyle questionnaire completed at the study clinics. Questionnaires were scanned immediately, and in case of missing answers, the questions were repeated at a subsequent personal interview. Information about smoking status (current, recent, past, and never), smoking duration (years), current tobacco consumption (grams per day), and time since smoking cessation (years) was collected. Recent smoking, defined as smoking cessation within the last year, was examined as a separate category for smoking status, because we considered these participants at high risk for resuming smoking. Current tobacco consumption (cigarettes, cigars, cheroots, or pipe) was calculated in grams-per-day using conversion factors of 1 (cigarettes), 4.5 (cigars), and 3 (cheroots, or pipe).
Some participants were diagnosed with a cancer close to the time they received an invitation to participate in the study. These participants were not rejected at the study clinics, but were excluded from the study population (547 out of a total of 57 053 (1.0%)). We excluded 58 participants who had missing values of waist or hip circumferences, weight, or height measurements, and 17 participants were excluded because of implausible anthropometric values in the database. For 554 participants (1.0%), information about smoking habits was missing: smoking status (n ¼ 70); duration (n ¼ 197); time since cessation (n ¼ 279); and current consumption (n ¼ 8). Finally, 15 had extreme values (nine had consumption 4100 g/day, three had negative duration, three never smokers had started smoking).
End point
All-cause mortality was the end point in the study. Complete follow-up of emigration and vital status was obtained through record-linkage to The Civil Registration System, using the unique personal identification number assigned to each inhabitant of Denmark.
Statistical methods
We estimated the association between hip circumference and sex-specific all-cause mortality on the basis of a Cox proportional hazard model. Age was used as the time axis to ensure that the estimation procedure was based on comparisons of individuals at the same age, which optimizes control for potential confounding from differences in age. 16 The analyses were corrected for delayed entry such that individuals were only considered at risk from the age at entry into the study until death, emigration, time of disappearance, or 31 December 2002 depending on which came first. Adjustment for smoking habits was made according to baseline information about smoking status (never, recent, past, current), smoking duration (years), current tobacco consumption (grams/day), and time since smoking cessation (years).
Log-transformation of hip and waist circumference facilitates a simple test of the adequacy of waist-to-hip ratio compared to the simultaneous effects of the two separate measurements, because ln(waist-to-hip ratio) ¼ ln(waist circumference)Àln(hip circumference). The effect of log-transformed hip circumference was modelled as a linear spline, that is, as a piecewise linear function, connected at joint Hip and waist circumferences and mortality J Bigaard et al points (knots) 17 placed at the quintiles among the deceased participants. The spline regression considers the variation on mortality risk within intervals (delimited by the quintiles) as well as between intervals, and the risk pattern is estimated as linear effects within each interval. 17 Traditional categorical analyses assume no variation in mortality risk within each category, and a step function is estimated, thus allowing the mortality risk to change to another risk level at the category limits.
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Hip circumference was analysed alone as well as with waist circumference and/or BMI simultaneously included in the model (mutually adjusted). The effects of log-transformed hip and waist circumference could be simplified to straight lines, whereas the effect of log-transformed BMI was modelled by a linear spline with knots at 18.5, 25, and 30 kg/m 2 according to WHO BMI criteria. 18 The time since baseline examination was modelled as a time-dependent linear spline with knots at 1, 2, and 3 years allowing the hazard to be nonlinear over time. Separate analyses were performed for men and women due to possible differences in effects of body size and body composition. In a model with waist and hip circumference, mutually adjusted, we tested whether or not the waist-to-hip ratio could replace the two separate measurements without significant loss of information. All significance tests and confidence intervals at the 95% level were based on Wald's test statistic for the corresponding regression parameters in the Cox regression models, that is, on the log-scale for the rate ratios. We used the SAS-PHREG procedure (SAS Institute, version 8, Cary, NC, USA).
Results
Between inclusion into the study and end of follow-up, 2290 deaths (1438 men and 852 women) occurred in the cohort after exclusion of participants for whom variables of interest were missing. During follow-up, 246 participants (0.4%) emigrated. The follow-up of vital status was complete except for four participants, who were impossible to trace in Denmark (true disappearances). The median follow-up period was 6.8 years, (1 and 99 percentiles: 5.6 and 8.8 years). A total of 55 862 participants (98%) were eligible for analyses: 26 620 men and 29 242 women. Table 1 shows the baseline characteristics of the anthropometric measurements among men and women. Sexspecific medians, 5th and 95th percentiles, and the ranges are given for the variables used in analyses. The distribution of hip circumference was similar among men and women with almost the same values for the 0, 5th, and 50th percentile, whereas the other measurements showed sex differences. Table 2 shows the characteristics of the smoking pattern in men and women. More men than women were current smokers at baseline and a lower percentage of men were never smokers. The median consumption of tobacco among current smokers was larger (20 g/day) among men than women (15 g/day). Table 3 shows the percent of decease in a cross tabulation of waist and hip circumference. These crude numbers show Smokers, who quit smoking within the last year. Zero values were assigned to one man and one woman, who began to smoke within the last year before recruitment into the study. Hip and waist circumferences and mortality J Bigaard et al an overall tendency to a decreasing percent of deaths with increasing hip categories within all categories of waist circumference even for the upper category of waist circumference and vice versa, an increasing percent of deaths with increasing waist circumference categories within categories of hip circumference. Figure 1 shows the associations between hip circumference and all-cause mortality in men and women after smoking adjustment and after further adjustment for waist circumference. Smoking adjustment included smoking status, current tobacco consumption, smoking duration, and time since smoking cessation. In both men and women, the associations between hip circumference and all-cause mortality (dotted lines) were U-shaped after smoking adjustment such that mortality increased for low values of hip circumference as well as for high values of hip circumference, although the association between high values of hip circumference and mortality was weaker in women. When the associations between hip circumference and all-cause mortality were further adjusted for waist circumference (solid lines), the mortality rate ratio decreased in a log-linear way with increasing values of hip circumference in the whole range of hip circumference. This linear relationship corresponds to mortality rate ratios for hip circumference of 0.63 (95% CI: 0.56, 0.71) in men and 0.70 (95% CI: 0.63, 0.79) per 10% larger hip circumference in women. The corresponding rate ratios for waist circumference were 1.45 (95% CI: 1.34, 1.57) and 1.22 (95% CI: 1.14, 1.31) per 10% larger waist circumference. Table 4 shows the mortality rate ratios per 10% larger hip circumference. A strong inverse association was found between hip circumference and all-cause mortality whether adjusted for waist circumference, waist circumference, and smoking, or waist circumference, smoking, and BMI in men and women. Adjustment for BMI did not change the associations with hip and waist circumference, but all the three anthropometric measurements were statistically significant when mutually adjusted: hip circumference (men: Po0.0001, women: Po0.0001); waist circumference (men: Po0.0001, women: Po0.0001); or BMI (men: Po0.00001, women: P ¼ 0.0001), indicating that all three contain independent information about the mortality rate.
Waist and hip circumference showed opposite associations with mortality: the mortality rate ratio decreased with increasing hip circumference and with decreasing waist circumference. However, the analysis of the effects of hip and waist circumference using the waist-to-hip ratio is correct only if the effect of a 10% larger hip circumference corresponds exactly to the effect of a 10% smaller waist circumference. The mortality rate ratios for hip and waist circumference were not equal when mutually adjusted (men: Po0.0001, women: Po0.0001). Adjustment for smoking weakened the associations with both hip circumference and waist circumference, and the rate ratios became slightly more similar, the confidence limits overlap, but they were still statistically significantly different (men: P ¼ 0.02, women: Po0.0001). However, after further adjustment for BMI, the rate ratios became similar (rate ratios of waist circumference ¼ hip circumference; men: P ¼ 0.43; women: P ¼ 0.56). Hip and waist circumferences and mortality J Bigaard et al
Discussion
The unadjusted association between hip circumference and age-specific all-cause mortality was U-shaped, whereas a strong inverse association was found after adjustment for waist circumference and/or for BMI. The waist-to-hip ratio could replace the combined use of two separate measurements of hip and waist circumference as a mortality indicator only after adjustment for both BMI and smoking habits.
In the Health Professionals Follow-up Study, the authors described the association between hip circumference and mortality as positive (increasing mortality with increasing values of hip circumference), but a closer look at the relative risks suggests a U-shaped association. 6 The corresponding association was J-shaped in the Iowa Women's Health Study, but the paper chose to focus on the association between waist-to-hip ratio and all-cause mortality. 7 Neither in the Health Professional Follow-up Study 6 
nor in the Iowa
Women's Health Study 7 was hip circumference adjusted for BMI. Our findings indicate that the lack of adjustment may account for the U-shape in men, 6 and the J-shape in women. 7 The findings in the Gothenburg Women's Health
Study in which 1462 women aged 38-60 years were followed for 24 years are of particular relevance for the interpretation of our results. 8 Despite its limited size, it showed strong inverse associations between hip circumference and mortality from myocardial infarction, cardiovascular disease and all-causes, and incidence of myocardial infarction, cardiovascular disease, and diabetes. 8 The association between hip circumference and all-cause mortality was also inverse after adjustment for BMI, as in our study, and the authors pointed out that 'hip circumference became statistically informative only after adjusting for BMI'. 8 By confirming these results, our findings emphasize the importance of adjusting hip circumference for BMI or waist circumference in mortality prediction. Caution should be exercised when generalizing the findings. The study was limited to the age range of 50-70 years. Only one-third (35%) of the invited persons participated. According to age-and sex-specific death rates of the general Danish population, only one half and one-third of the expected numbers of deaths among men and women, respectively, had occurred at the end of 1999.
19 This is Hip circumference (cm), MEN All-cause mortality rate ratio Hip circumference (cm), WOMEN All-cause mortality rate ratio Hip and waist circumferences and mortality J Bigaard et al probably due to the exclusion of subjects with previously diagnosed cancer and/or an overall better level of health among the participants, a 'healthy participant effect'. There seems, however, to be no reason to assume that the observed associations between hip circumference and mortality cannot be extrapolated to nonparticipants. Inverse associations have also been identified between hip circumference and non-insulin-dependent diabetes (NIDDM) in prospective studies, [9] [10] [11] and between hip circumference and cardiovascular diseases risk factors, 12 glucose intolerance, 20 and lifestyle factors in cross-sectional studies. The biological interpretation is unknown but mechanisms related to beneficial effects of muscle mass in the gluteofemoral region (a target organ for insulin) have been suggested. 21 Furthermore, fat depots in the lower body region might protect the liver from high exposure to free fatty acids normally mobilized from the intra-abdominal fat tissue. 20 Our findings suggest hip and waist circumference to be separately associated with all-cause mortality in opposite directions, as found in another study. 8 Different biological mechanisms are likely between the adipose tissue in the gluteal region and the abdominal region so that fat tissue over the buttocks is beneficial to health, whereas abdominal adipose tissue imply a health risk. 22 Evaluation of such hypotheses requires the study of mutually adjusted, separate associations of waist and hip circumference or more precise measurements of the size of these adipose depots with different end points of interest. The obesity epidemic has raised the need for simple indicators of health risk due to obesity. 18 Anthropometric measurements like weight, height, hip, and waist circumferences are considered simple obesity indicators. 23 Arguments have favoured the use of waist circumference alone as an indicator of abdominal adiposity as opposed to the waist-tohip ratio. 13, 14 Our findings support that waist and hip circumference show independent, opposite associations with all-cause mortality, 8 but the waist-to-hip ratio could not capture the opposite health risk associated with hip and waist circumference adequately unless adjusted for both BMI and smoking. Possible control for additional confounders may influence hip and waist circumference differently, resulting in an inadequate mortality prediction by the waist-to-hip ratio 15 even when adjusted for both BMI and smoking. Furthermore, the difficulties in the interpretation of the waist-to-hip ratio in relation to morbidity and mortality 14, 24, 25 and the problems related to the use of ratios 15 must be considered. We, therefore, suggest using mutually adjusted, separate measurements of hip and waist circumference rather than the waist-to-hip ratio in studies of health risk.
In conclusion, a strong inverse association was found between hip circumference and all-cause mortality after adjustment for waist circumference and/or BMI in men and women. Suppose, due to different biological mechanisms related to adipose tissue in the gluteal and abdominal region, waist and hip circumferences are independently associated with mortality in opposite directions. The waist-to-hip ratio could not always replace the separate measurements of hip and waist circumference as risk indicator of all-cause mortality.
